Adrenaline and noradrenaline have been shown until recently to be metabolized according to the following three mechanism in vivo ; 1) oxidative deamination of side chain by amine oxidase 2) oxidation of the phenolic group of the ring to form adrenaline-quinone and adre nochrome 3) conjugation of the phenolic group of the ring Previous studies in our laboratory presented evidence for existence of a new enzyme named adrenaline dehydrogenase, which catalyzes the oxidation of adrenaline and noradrenaline to their keto forms, adrenalone or noradrenalone respectively (1-3). Moreover, adrenalone has been found in blood of rabbits (4). On the basis of these results, it has been assumed that a metabolic pathway of adrenaline and noradrenaline via adrenalone and noradrenalone may exist in vivo. This paper presents the results of a survey of the new metabolic pathway.
Results
As shown in Fig. 1 , the normal urine indicated the presence of small amount of adrenaline but not adrena lone. While in the urine of animals injected adrenaline, the excretion of adrenaline and adrenalone was clearly demonstrated. These findings seem to present evidence for the conversion of adrenaline to adrenalone, suggesting that the adrenaline dehydrogenase re sponsible for this oxidation reaction may play an important role in the metabo lism of adrenaline.
An increase excetion of protocate chuic aldehyde was also observed in the urine of guinea pigs after the ad ministration of adrenaline, which ap peared to implicate this compound as a metabolite of adrenaline. However the amount of the protocatechuic acid in the urine was not changed in this case.
All these data seemed to support the existence of the metabolic pathway of adrenaline via adrenalone in vivo, and the formation of protocatechuic alde hyde as a metabolite. 
II. Metabolism of Adrenaline and Adrenalone in Liver Slices
Previous studies in this laboratory (1-3) and described in Chapter I suggested the oxidation of adrenaline to adrenalone , then the further fate of these compounds was studied in the next experiments . Liver slice of guinea pig was used for this purpose and the formed metabolites in the presence or absence of some enzyme inhibitors were assayed by the technique of paperchromatography .
Method
Freshly prepared liver slices of guinea pig were suspended in 2 ml of phosphate-Krebs Ringer solution (pH 7.0), and 0.3 ml of 10-2M adrenaline or adrenalone , or 0.3 ml of 2 x hours at 37°C, the slices were removed, and the reaction mixture was adjusted to pH 3.0 with 0.1 N-HCI, then condensed. The obtained samples were applied for chromatographic development for 24 hours at room temperature with n-butanol-acetic acid-water (4: 1 : 1), and materials were located by spraying with ammoniacal AgNO3 (6), diazotized sulfanilic acid and Na4CO3, KIO3 (9, 10), DNP reagent, Folin's reagent (11) , ninhydrin reagent (7, 8) .
KCN (10-4M), marsilid (10-5M) or hydroxylamine (10-5M) was used as enzyme inhibitor. As shown in Fig. 2 , paperchromatography of the reaction mixture with adrenaline resulted in many spots having different kinds of color as indicated in Table 1 In the presence of cyanide added as an inhibitor, the spots at Rf 0. On the basis of the results described here the following reaction sequence might be postulated to take place in adrenaline metabolism. 
III. Metabolism of (3-C14-dl-Adrenaline and (3-C14-Adrenalone in Vivo
In an attempt to obtain more definite informations on the physiological pathway of adrenaline metabolism, (3-C14-dl-adrenaline and a-C14-adrenalone, which were generously pro vided by Dr. R.W. Schayer, were used and the presence of radioactive substances in the urine was observed.
Method
Six healthy guinea pigs were devided into two groups and an animal belonging to each group was given an injection of 1 r of f3-C14-dl-adrenaline or 1.5 r of (3_C14-adrenalone per gram of body weight, respectively. The collected urine was treated and chromatographed as described in Chapter I. The spots were located by spraying with ammoniacal AgNOa solution.
For the radioautography the paperchromatograms were pressed to Fuji industrial X-ray film type 400 at the both sides for 3-4 weeks. The paperchromatogram was cut into every 1 cm sq. and the radioactivity of each part was determined referring to the method of Tomalleri (12) When the solution of adrenaline was treated with alumina, extracted with butanol, and chromatographed according to the procedures described for urine, only one spot of adrena line was found. These experimental results seem to present evidence for the conversion of adrenaline or adrenalone to protocatechuic acid, consistent with the reaction sequence of adrenaline metabolism described in Fig. 3 .
IV. Metabolism of Noradrenaline and Noradrenalone in Liver Slices
The metabolism of noradrenaline which has similar structure to adrenaline and is one of the most physiologically important pressor amines has been assumed to be metabolically related to that of adrenaline. If this assumption is the case, protocatechuic acid would be expected to arise from noradrenaline in liver slices.
In the following experiments the conversion of noradrenaline to noradrenalone in liver slices was studied, together with the possible formation of protocatechuic acid, since it has been already known that noradrenaline is oxidized by amine oxidase.
Method 1) Conversion of noradrenaline to noradrenalone
Freshly prepared liver slices of guinea pigs or chicken were suspended in a medium com posed of 2 ml of phosphate-Krebs-Ringer solution (pH 7.0), 0.3 ml of 10-2M noradrenaline and 0.2 ml of 10-2M marsilid. After incubation of 3 hours at 37°C, slices were removed and the reaction mixture was adjusted to pH 3.0, dried in vacuum. Then the resulting material was dissolved into a small amount of water and chromatographed with n-butanol : acetic acid : water = 4 : 1 : 1. The spot was located by spraying with 0.1 o nindydrin reagent or ammoniacal AgNO3. As shown in Fig. 6 and Table 3 , the color of the spot at Rf 0.27 presented clearly the conversion of noradrenaline to noradrenalone in liver slices .
The formation of protocatechuic acid from noradrenaline was indicated in Fig . 7 From all of these findings together with the facts observed in the metabolism of adre naline, it was considered that the pathway of noradrenaline metabolism was similar to that of adrenaline as shown in Fig. 8 .
DISCUSSION
It is generally conceived that adrenaline is attacked by the following three reactions. 1)
conjugation of the phenolic group of the ring, 2) oxidation of the phenolic group of the ring to form adrenochrome, 3) oxidative deamination of the side chain by monoamine oxidase. As already reported by Richter (13), Beyer and Shapiro (14), Clark (15), Sato et al. (16), it has been clearly demonstrated that adrenaline is conjugated at the phenolic group of the ring. However this reaction is not observed except after the oral administration of a large amount of adrenaline. Experimental data reported by R.W. Schayer (17) showed this facts clearly, suggesting that this conjugation might not be expected to provide a main pathway for adrenaline metabolism.
The oxidation of the ring to form adrenochrome is observed non enzymatically, in alkali medium or in the presence of heavy metal ion such as Cu++ and under various conditions, and also observed enzymatically by tyrosinase, polyphenolase, cytochrome system etc.. The existence of adrenaline oxidase, an enzyme of phenolase type, was assumed by Blaschko (18) , Griesemer (19), Angenent and Koelle (20) and others, and was expected to associate with the action of adrenaline.
But the presence of adrenochrome has not been demonstrated in animal tissue. A possible explanation for this fact was furnished by non existence or by the unstableness of this com pound. Specially the unstableness of adrenochrome, made it very difficult to determine whether adrenochrome is an intermediate in adrenaline metabolism or not. Schayer (21) injected a large amount of adrenochrome with (3-C-14-dl-adrenaline into rats but any shift of metabolic pattern of radioactive adrenaline was not observed. From these results, it has been supposed that the oxidation of the phenolic group of the ring to form adrenochrome may exist in vivo, but this route would not be a main pathway of adrenaline metabolism.
The next problem is to study the significance of amine oxidase in the metabolism of adrenaline. It has already been reported by Bernheim (22) , Blaschko (23) , Richter (24) , Mann and Quastel (25) , Philpot (26) , Burn (27, 28) and others that adrenaline is oxidized by amine oxidase. Therefore this enzyme would be expected to concern with adrenaline metabolism to some extent in spite of some objections by Bacq (29), Euler (30) et al.. Schayer (17, 21, (31) (32) (33) (34) presented interesting data on the relationship between amine oxidase and the metabolism of adrenaline. Fifty per cent of injected adrenaline was oxidized by amine oxi dase in rats. If adrenaline itself would be oxidized by amine oxidase, the following reaction sequence might take place, and 3,4-dihydroxymandelic acid would be expected to be formed through 3,4-dihydroxyphenylglycolaldehyde. Then, the possibility that adrenalone converted from adrenaline in the presence of ad renaline dehydrogenase may be attacked by amine oxidase was assumed. In the experi ments described by Schayer an unknown radioactive spot at Rf 0.70 was observed in the chromatogram of the urine of animals receiving radioactive adrenaline. This unknown spot was supposed to have the amino group and to be adrenalone. All of the results described in this paper presented evidence for the pathway shown in Fig. 8 on the adrenaline metabolism.
If the pathway is the case, it would be postulated that a cleavage of ca-carbon of adre naline is involved. However this assumption appeared to be unexplainable in terms of the isotope data of Schayer with a-C14-adrenaline, and moreover this assumption would suggest the formation of protocatechuic acid, which was demonstrated in our paper. While Schayer showed that radioactive protocatechuic acid was not excreted in the urine of rats administered by f3-C14-dl-adrenaline. A possible explanation for this discrepancy would be furnished by the following points ; 1) guinea pig was used in this experiment, 2) the collected urine was partially purified by treatment with alumina and extraction with n-butanol, then chromato graphed with the two different kinds of solvent, and many coloring reagents were used to locate the spots.
The formation of protocatechuic acid from adrenaline was already suggested by Weinstein and Mannig (35) . They observed the excretion of protocatechuic acid in the urine of rabbits receiving a large amount of adrenaline. Richter (13) and Bernheim (36) criticized these studies and postulated that a part of adrenaline in the urine was converted to protocatechuic acid during treating in the alkaline medium. Richter (13) also failed to show the excretion of protocatechuic acid in the urine after adrenaline or epinine was administered orally to himself. However recently Bray (37) obtained evidence for its excretion using the technique of paperchromatography and coloring reactions.
In the present paper, the presence of protocatechuic acid was demonstrated in the normal urine and the excretion of radioactive protocatechuic acid was also observed in the urine of guinea pigs after the injection of radioactive adrenaline or adrenalone. Furthermore the studies in vitro were carried out on the pathway and it was confirmed, both in vitro and in vivo, that the products formed from adrenalone were always similar to those arising from adrenaline, suggesting that the pathway of adrenaline via adrenalone might play an im portant role under physiological conditions.
